In cooperation with the Canadian Space Agency, the Northern Centre for Advanced Technology, Inc., the Carnegie-Mellon University, JPL, and NEPTEC, NASA has undertaken the In-Situ Resource Utilization (ISRU) project called RESOLVE. This project is a ground demonstration of a system that would be sent to explore permanently shadowed polar lunar craters, where it would drill into the regolith, determine what volatiles are present, and quantify them in addition to recovering oxygen by hydrogen reduction. The Lunar Prospector has determined these craters contain enhanced hydrogen concentrations averaging about 0.1%. If the hydrogen is in the form of water, the water concentration would be around 1%, which would translate into billions of tons of water on the Moon, a tremendous resource. The Lunar Water Resource Demonstration (LWRD) is a part of RESOLVE designed to capture lunar water and hydrogen and quantify them as a backup to gas chromatography analysis. LWRD was designed 1) capture up to 6 g of water per regolith/soil core sample on a water absorber, (2) quantify up to 20 g of water on the same sample using relative humidity measurements, (3) capture and quantify up to 0.10 g of hydrogen from the core sample, and (4) quantify the water and hydrogen within ±20% accuracy. Laboratory and analog field testing of the subsystem showed that it met its goals successfully. RESOLVE was integrated with the Scarab rover from CMU and the whole system was successfully demonstrated on Mauna Kea on Hawaii in November 2008. Subsequent laboratory testing showed the hydrogen capture/quantification technique was also successful. Electrolysis of lunar water could provide large amounts of liquid oxygen in LEO, leading to lower costs for travel to other destinations, in addition to being very useful at a lunar outpost.
ESOLVE is a drilling and chemistry plant packaged onto a medium-sized rover that analyzes collected soil for volatile components prior to heating the soil and reducing it at high temperatures in the presence of hydrogen to produce water. RESOLVE stands for Regolith and Environment Science & Oxygen and Lunar Volatile Extraction. The RESOLVE project is a ground demonstration of equipment that would be sent to a permanently shadowed polar lunar crater to determine the form of the hydrogen indicated by lunar orbiters as well as extract oxygen using hydrogen reduction.
As described by us previously, 1,2 the RESOLVE Engineering Breadboard 2 (EBU2) consists of EBRC (Excavation and Bulk Regolith Characterization, i.e. a Drill and a Crusher), a Reactor, the Regolith Volatile Characterization (RVC) subsystem, the Lunar Water Resource Demonstration (LWRD) subsystem, the Regolith Oxygen Extraction (ROE) subsystem, and the Ground Support Equipment (GSE) cart. The RESOLVE EBU2 processing module was mounted inside the Scarab rover supplied by the Carnegie-Mellon University Robotics Institute, who directed the rover to drilling sites. Figure 1 shows a photo of the RESOLVE chemistry module (RVC, LWRD, and ROE) after assembly at the Kennedy Space Center.
A major goal of the RESOLVE project is to perform a field demonstration of the process of locating a drill site, drilling into the soil, taking core samples, crushing them into 1 mm particles, delivering them to the Reactor, heating a quarter core sample and driving off volatiles, analyzing the volatiles, capturing the water evolved, and extracting oxygen by hydrogen reduction. These tasks were accomplished 1 at site at an altitude of 2740 m (9000 ft) on the Mauna Kea volcano on the Big Island of Hawaii as a lunar analog. The site on Mauna Kea consists of a field of fine-grained volcanic tephra with scattered lava rocks in a valley next to large cinder cones (Fig. 2) . To ensure consistency of the soil sampled, sufficient tephra to fill several >1 m long plastic tubes was prepared by drying the native tephra at 110ºC for several hours. This process decreased the water content from~20%, which was much too high compared to expected lunar samples, to about 1.25%. The field demonstration occurred as planned. The design, construction, and field testing of the LWRD are detailed in reference 1. Here we will briefly summarize these details and elaborate on laboratory testing since the field test.
II. Lunar Water Resource Demonstration (LWRD) Description
The Lunar Water Resource Demonstration (LWRD) is designed to support the objectives of the RESOLVE project by capturing and quantifying water and hydrogen released by polar lunar regolith from permanently shadowed craters upon heating. This task shows the feasibility of using both materials for the production of water for astronaut use and shielding, for the production of rocket and vehicle propellant by electrolysis of the water, and the use of hydrogen as a fuel in rockets and fuel cells. Efficient capture of the water and hydrogen is necessary to make these uses possible.
LWRD (Fig. 3) consists of a surge tank to accept large gas samples from the Reactor, a rotary valve, a high temperature relative humidity sensor, thermocouples, high temperature pressure transducers, several latching solenoid valves, two water capture beds, a recirculation/pressurization pump, and a hydrogen capture bed. The rotary valves for RVC and LWRD are contained in a small aluminum box and the valves are heated to 150ºC to prevent condensation of water vapor from the Reactor. The remainder of LWRD is mostly contained in a large aluminum box (see Fig. 1 ) which is held at 130ºC for the same purpose.
Only the LWRD hydrogen capture bed is outside the 130ºC box, mounted beneath the support plate. The 150ºC box is mounted inside the 130ºC box for thermal efficiency and to minimize volume. The purpose of LWRD is to (1) capture up to 6 g of water per regolith/soil core sample and quantify up to 20 g of water (as a backup to GC measurements), (2) capture and quantify up to 0.10 g of hydrogen from the same core sample (as a backup to GC measurements), and (3) quantify the water and hydrogen within 20% accuracy. 
III. Laboratory and Field Demonstration Results
Testing at CMU allowed establishment of a baseline for comparison to the field tests on Mauna Kea (Fig. 5) . The sections below show the results of these tests and compare them to the requirements established for LWRD prior to the field demonstration. Figure 6 shows an example of the data collected during a full RVC/LWRD/ROE operation cycle during a test performed on 25 September 2008 at CMU. The RH and pressure inside the Surge Tank are used to calculate water content.
A. Water Quantification and Absorption
The results for the quantification of water in both the CMU and Mauna Kea tests are shown in Table 1 . Testing with pre-dried tephra showed that the amount of water available was much less than the 1.25% measured in the laboratory in a drying oven open to the atmosphere. The reason for this is because the water vapor was being evolved into a closed system in the reactor, thus setting up equilibrium for water to return to the tephra. Also, the tephra holds some water tightly, as shown during ROE tests during which not all the water was released until the temperatures reached several hundred degrees in an essentially open system that used drying beds to capture water and return the dry argon to the Reactor. The water beds in ROE were equipped with calibrated capacitance sensors to measure the amount of water captured. The RH probe in the ROE subsystem was usually saturated during the drying process and does not yield usable data. Except for the test on 9/25/08, the total of the % Water from LWRD and the ROE drying process is fairly close to the expected value of 1.25%. Because it was not possible to prevent exposure of the tephra to water vapor in the air once the container was opened for drilling, the high value for the % water on 9/25/09 is not unexpected. A comparison of the LWRD results to the RVC results for water content of the tephra was thoroughly discussed in our previous report 1 and was found to be satisfactory.
B. Hydrogen Capture and Quantification
To simulate lunar applications, samples of hydrogen and water were generated in the reactor in the laboratory at KSC, and the system was tested with these simulated samples after the field test. Because the average hydrogen content of shaded polar lunar craters is estimated to be 0.11%, we decided to test hydrogen capture, absorption, and quantification with the following masses of hydrogen: 0.0264 g, 0.044 g, and 0.0704 g. These masses correspond to 30%, 50%, and 80% of an average 0.088 g of hydrogen expected to be found in an 80 g sample of regolith in a quarter core sample. Tests were run with the same 83.2 g sample of tephra to avoid loading and unloading the Reactor. Water driven off during RVC/LWRD was replaced by adding 1.0-1.5 g of water back into the tephra in the Reactor before each run after the first one. ROE was not performed so the tephra maintained most of its original qualities.
The automated operating procedure used during the Mauna Kea demonstration was modified to include the hydrogen transfer, pressurization, absorption, and quantification steps needed. RVC was calibrated for hydrogen to allow a comparison between the two systems. The operating procedure was to first load the sample into the reactor. This consisted of either adding the tephra for the first run or adding in the lost water during the subsequent runs. The reactor was then purged with helium to remove air. The reactor was next purged with hydrogen to ensure the gas in the reactor was initially 100% hydrogen. After the purge, the reactor valves were closed, and the reactor was pressurized to a predetermined value that corresponds approximately to one of the three original masses of hydrogen in the test plan. Excess hydrogen was added to account for the leak rate of the reactor as well as the gases lost during GC sampling. From here the system was operated as it was on Mauna Kea. The reactor was heated and GC samples recorded the evolution of water and the changing gas composition in the reactor. The gas samples were transferred at 150°C or when the pressure was 85 psig. After the relative humidity and pressure were recorded in the Surge Tank, the gas was recirculated to capture the water, followed by transfer and pressurization of the hydrogen capture bed. With the water and hydrogen now absorbed, the inert unabsorbed gases were vented. The procedure was repeated for an additional transfer to the Surge Tank leaving less than 3 psia in the reactor. To quantify the hydrogen captured, the hydrogen bed was heated to 300-428°C and opened to the Surge Tank where the resulting pressure of hydrogen was measured. Finally, the system was vented and cooled. Table 2 summarizes the results of the hydrogen capture/quantification tests. The results from RVC GC analysis were corrected to give the amount of the hydrogen in the Reactor that would be transferred to the Surge Tank (72.2%) based on their volumes (0.175 l for the Reactor and 0.456 l for the Surge Tank). The amount of hydrogen absorbed is calculated based on the pressure drop after opening the valve to the hydrogen bed and allowing sufficient time for the hydride to form, with the increased volume taken into account. The first attempt at quantifying hydrogen with LWRD (12/15/08) gave no indication of hydrogen absorption while pumping from the Surge Tank to the H 2 Bed. However, there was a pressure rise in the Surge Tank of 3.0 psia during desorption of the H 2 Bed, corresponding to 6.4 mg of hydrogen, giving a recovery of 44% of the RVC amount of 14.4 mg. After the system had cooled and residual gases were removed, addition of high pressures of pure hydrogen directly to the H 2 Bed showed that its temperature rose as expected from the exothermic reaction of forming the hydride and that the hydrogen pressure in the bed declined, indicating that the hydrogen absorber was active.
Another RVC/LWRD run was attempted on 12/16/08. During hydrogen absorption, the pressure change indicated 6.8 mg were captured or 74% of the RVC amount of 9.2 mg. Unfortunately, very little pressure rise was observed in the Surge Tank during desorption, corresponding to 1.7 mg or only 18% recovery of the RVC value, but 25% of the absorbed amount. It should be noted that the amount of hydrogen initially available to LWRD was much smaller than the planned amount of 70 mg because of leaks in the Reactor and less importantly, losses to RVC sampling. Two tests with pure hydrogen in the Surge Tank not shown in Table 4 gave indications that the hydride former was active and does absorb hydrogen because the pressure dropped significantly and the bed heated up. Data from the Florida Solar Energy Center (FSEC), who made the hydrogen absorber used in this project, show the material should have a capacity of at least 0.25% by weight at hydrogen pressures as low as 100 mbar absolute for at least 50 cycles.
Additional testing with pure hydrogen at 63 psia in the Surge Tank (1/27/09) determined that the hydride former was definitely active, with a capacity of 89.3 mg, which is 71% of the 125 mg capacity expected and 53% of the hydrogen available. Desorption of the hydrogen at 350°C recovered 30.5 mg or 34% of the hydrogen that was absorbed, but only 18% of the initial charge in the Surge Tank. Desorption was at 350°C in an attempt to improve recovery. After desorption, heating at 400°C under vacuum was used to further improve activity for the following run. A second test with pure hydrogen (1/28/09) gave better results, with the bed having a capacity of 143 mg, 87% of the initial hydrogen present or 0.29 wt%, which is higher than expected from the FSEC results. The high hydrogen pressure of 63 psia may be increasing the hydride former capacity up to this value. To still further improve recovery, desorption of hydrogen was performed at 400°C in a series of five steps, after each of which the Surge Tank was evacuated and reopened to the H 2 Bed. The improvement was dramatic, with 113 mg of hydrogen being released or 69% of the original amount or 79% of the absorbed hydrogen, a most gratifying result. Repeated desorption into the evacuated Surge Tank circumvents any tendency of the hydride to set up an equilibrium with gaseous hydrogen.
A third test with pure hydrogen (1/29/09) gave even better results, absorbing 154 mg of hydrogen or 92% of that available in the Surge Tank, a Hydrogen Bed capacity of 0.31 wt%. Desorption in six steps at 400°C returned 125 mg of hydrogen, which is 74% of the initial amount and 81% of the absorbed amount. These results indicate that the higher desorption and activation temperatures are quite effective in restoring the hydride former to its intended capabilities. Furthermore, the absorption and desorption results indicate that it may be possible to achieve the desired agreement with RVC results within 20%. As seen in Table 2 , the last two pure hydrogen tests averaged 89% capture of the hydrogen available and 72% recovery of the starting hydrogen. One more pure hydrogen test was designed to simulate the pressures of hydrogen that would be experienced with amounts of hydrogen similar to that may be on the Moon. The 0.11% hydrogen concentration in regolith would generate 33 psia in the Surge Tank after transfer from the Reactor so this pressure of pure hydrogen was loaded into the Surge Tank and testing commenced as with the other pure hydrogen tests. The results (2/2/08) were excellent, with absorption of 92% of the hydrogen in the Surge Tank by the H 2 Bed, desorption of 98% of the absorbed hydrogen in seven steps, for an overall recovery of 90% of the starting 85.8 mg of hydrogen. If translatable to a real run, such results would easily meet the requirement of agreeing with RVC results within 20%.
To test this ability in a more realistic situation, the reactor was loaded with 86 psia of hydrogen and heated to 150°C using the standard procedure with the same tephra as used in the 12/15/08 run. The tephra had been dried thoroughly at 150°C. We decided to keep the tephra dry to establish a baseline performance without water present. Although leakage and GC samples depleted more of the hydrogen pressure than was anticipated, the results (2/4/09) were better than the December tests, with the H 2 Bed absorbing 85% of the hydrogen in the Surge Tank. However, only 24% of the hydrogen absorbed was desorbed in six steps or 20% of the available hydrogen. The test was repeated with a modification to the sequence of operation to allow recharging hydrogen in the Reactor just prior to the final GC sample to overcome the increasing leak rate. The results of this test (2/5/09) were very good, with 87% of the hydrogen being captured and 81% being recovered. Desorption was repeated 20 times to extract as much hydrogen as possible. One more dry tephra test was run on 2/6/09 to determine the performance of the system at a lower hydrogen pressure and absorption results were excellent with 97% captured, but recovery was low at only 46% in 8 steps.
Next, 1.5 g of water was added to the tephra and the test repeated with hydrogen added, resulting in 36.6 mg in the Surge Tank (2/10/09). The percent hydrogen in the Surge Tank gases was corrected for the removal of water vapor by the Water Beds. The results were fairly good with 82% of the hydrogen as determined by RVC being captured and 70% being recovered in eight steps. Another 1.0 g of water was added and a similar test on 2/11/09 gave 97% capture, but only 59% recovery in seven steps. The hydrogen pressure was increased on 2/12/09, yielding 42.1 mg in the Surge Tank. Capture was very high at 136% and recovery was a bit high at 104%. The pressure drop method to determine hydrogen capture is subject to error if other gases that will react with the hydride former are present, such as water vapor or oxygen. However, a GC sample taken from the Surge Tank during one of the wet tephra tests showed the Water Beds had removed all the water vapor prior to hydrogen absorption and that only trace amounts of air were present. Consequently, an explanation for the high capture fraction is elusive. A final wet tephra test with 23.8 mg of hydrogen resulted in 79% capture, but only 30% recovery in seven steps.
Considering only the last seven tests in which we have some confidence that the hydrogen absorber was well activated and for which we have RVC results, the average absolute difference between the GC results and the LWRD captured results is 15.6%, which meets the goal of being within 20% of the GC results, an excellent achievement given the difficulties of working with such an active hydrogen absorber. The results for the desorption process is not as good, with an average absolute difference of 42.6%. Clearly we need to improve the desorption process somehow. Multiple desorptions helps tremendously in improving recovery, but sometimes something interferes, causing low recoveries.
Visual presentation of the data gives an alternative assessment of the results. Figure 7 shows the three groups of hydrogen absorption test results plotted vs. the amount of hydrogen initially present in the Surge Tank. A straight line fit of the dry tephra results appears to fit the other data points fairly well. Figure 8 is a similar plot of all the hydrogen desorption results. A linear fit of the wet tephra tests is a fairly good fit of all the data points except for the higher pure hydrogen tests. The desorption data is expected to be somewhat more scattered because of the varying number of desorptions performed in each test. In both figures, the 1/27/09 data points appear to be fliers, far from the scatter of the other data points, perhaps because the hydride former was still in the process of being activated. Deleting these two data points and fitting the results with straight lines gives the results in Figure 9 . The R 2 values for both lines are remarkably good at 0.978 and 0.957 considering the variety of test conditions encountered. The linear fit for the desorption data was forced to have a zero intercept to avoid artificially improving the R 2 value and the slope.
The slope of the line for the absorption tests is equivalent to the average capture of hydrogen compared to the GC or pure hydrogen values and is quite good at 90.9%, meeting the goal of being within 20%. The same value for the desorption tests is much lower at 73.3%, giving an average of 26.7% lower than the standard value, but much better than the absolute value average of 42.6% different from the standard. This is to be expected because the lows and the highs tend to cancel out the errors. Consequently, we can say that we have met the requirement to capture hydrogen within 20% of the known amount. On the other hand, we can say that we are close to meeting the requirement of recovering hydrogen within 20% of the known amount, but that improvement is required. Addition of a palladium membrane between the recirculation pump and the Hydrogen Bed may improve the performance of the system by excluding contaminating gases that definitely reduce the capacity of the hydride former and may interfere with efficient hydrogen absorption and desorption. Alternatively, the hydride former can be coated with palladium to exclude these gases as well. Further work would be necessary to confirm this possibility. If this approach is effective, it could remove the need to quantify hydrogen by desorption although efficient recovery of pure hydrogen would still be needed for lunar ISRU operations. Consequently, it is important to have a hydride former that both absorbs and releases close to 100% of the hydrogen processed. In all runs, the H 2 Bed heated up from the exothermic absorption reaction, with a maximum of 76°C for the 1/29/09 test. Plotting the amount of hydrogen absorbed vs. the temperature rise yields a fairly good fit to a straight line, as would be expected. This temperature rise might be quite useful in quantifying hydrogen for LWRD or other lunar applications. More data points would be needed to reduce the error, but the principle has been demonstrated.
IV. Lessons Learned
Although RESOLVE was successful both in the laboratory and in the field campaign, some issues arose during the design, construction, and testing phases that could be handled better in future projects.
• Define and order commercial off-the-shelf (COTS) items much earlier in the process. In many cases, commercial suppliers do not have items in stock, especially high cost items which are made only after an order is confirmed. Instruments such as the relative humidity probe, equipment such as the recirculation pump, and even fairly simple items such as cartridge heaters may take weeks or months to receive after ordering. In addition, promised delivery dates tend to slip when vendors experienc unexpected problems. • Determine which items should have backup units on hand as early as possible. The first relative humidity probe failed close to the shipment to CMU date for RESOLVE and it took a week or so to get it repaired. Testing of LWRD at KSC was incomplete as a result and the repaired unit had to be installed at CMU. Similarly, other spares ordered for the field test on Mauna Kea took weeks to obtain and resulted in concerns about not receiving them in time.
• Define and finalize requirements well in advance of the final design. The extreme wetness of the insitu tephra at the Mauna Kea site resulted in the need for two large water beds. When the decision was made to dry the tephra, the water beds were oversized, adding unnecessary mass.
• Although obvious in retrospect, do not anticipate that measurements of water content of the dried tephra in open ovens with no time constraints will predict how much water will be evolved in a closed reactor running on a tight schedule.
In addition to the negatives, other lessons learned confirmed that well known concepts such as teamwork and a staff of talented, committed, experienced, and cooperative personnel are essential to project success. Regular working meetings and teleconferences make sure issues are identified and resolved as soon as possible. It is always essential that everyone know what they are supposed to be working on and know the changes as they occur. The LWRD team worked very well together, accepting new leadership and new team members just over a year before the field demonstration occurred.
V. Conclusion
All the field test objectives were met, a remarkable achievement. Agreement of the RVC and LWRD water determinations agreed within the 20% goal and the hydrogen absorption/quantification laboratory tests were also within the required limits. These results confirm that the design and performance of the LWRD was adequate for the difficult tasks assigned to it, demonstrating the talents of the team that made it.
